Introduction {#sec1-1}
============

Colonic diverticula are sac-like structures protruding through the defect of circular muscle in the colonic wall. They are usually detected by colonoscopy.\[[@ref1]\] The prevalence of colonic diverticulosis increases with age, affecting approximately 50% of population at the age of 60 years and 70% population at the age of 80 years.\[[@ref2][@ref3]\] Lifestyle and environmental factors play an important role in the development of colonic diverticulosis. Known risk factors include obesity, low-fiber diet, and lack of exercise.\[[@ref4][@ref5][@ref6]\]

Smoking is one of the leading preventable causes of mortality in the United States and worldwide. Studies have showed that smoking increases the risk of several gastrointestinal diseases such as Crohn\'s disease, peptic ulcer, and gastroesophageal reflux disease.\[[@ref7][@ref8][@ref9][@ref10]\] Interestingly, some epidemiologic studies have also suggested a possible relationship between smoking and colonic diverticulosis, although the results were inconsistent.\[[@ref5][@ref11][@ref12]\] This systematic review and meta-analysis were conducted to summarize all available studies to better characterize the relationship.

Methods {#sec1-2}
=======

Information sources and search strategy {#sec2-1}
---------------------------------------

A systematic literature search was conducted using EMBASE and MEDLINE database from inception to May 2017 to identify all original studies that investigated the association between smoking and the risk of colonic diverticulosis. The systematic literature review was independently conducted by three investigators (K.W., B.B., and P.U.) using the search strategy that included the terms for "smoking" and "colonic diverticulosis" as described in \[Online Supplementary Data 1 available online\]. A manual search for additional potentially relevant studies using references of the included articles was also performed. No language limitation was applied. This study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis statement which is provided as \[Online Supplementary Data 2 available online\].

###### 

Search Strategy

###### 

Click here for additional data file.

###### 

PRISMA 2009 Checklist

###### 

Click here for additional data file.

Selection criteria {#sec2-2}
------------------

Eligible studies must be case--control, cross-sectional, or cohort studies that investigated the association between smoking and colonic diverticulosis. They must provide the effect estimates (odds ratios \[ORs\], relative risks \[RRs\], hazard ratios, or standardized incidence ratio) with 95% confidence intervals (CI). Inclusion was not restricted by the study size. When more than one article using the same database/cohort was available, the study with the most comprehensive data/analyses was included.

Retrieved articles were independently reviewed for their eligibility by the same three investigators. The discrepancy was resolved by conference with all investigators. Newcastle--Ottawa quality assessment scale was used to appraise the quality of study in three areas including the recruitment of cases and controls, the comparability between the two groups, and the ascertainment of the outcome of interest for cohort study and the exposure for case--control study.\[[@ref13]\] Score of more than or equal to 7 was considered as of adequate quality.\[[@ref14]\] The modified Newcastle--Ottawa scale as described by Herzog *et al*. was used for cross-sectional study.\[[@ref15]\]

Data abstraction {#sec2-3}
----------------

A structured data collection form was used to extract the following data from each study: title of the study, publication year, name of the first author, year when the study was conducted, country where the study was conducted, number of participants, demographic data of participants, definition of obesity, methods used to identify colonic diverticulosis, adjusted effect estimates with 95% CI, and covariates that were adjusted in the multivariable analysis.

To ensure the accuracy, this data extraction process was independently performed by two investigators (K.W. and B. B.) and was reviewed by the senior investigator (P.U.).

Statistical analysis {#sec2-4}
--------------------

We used the Review Manager 5.3 software from the Cochrane Collaboration (London, UK) for the data analysis. Adjusted point estimates from each study were combined by the generic inverse variance method of DerSimonian and Laird, which assigned the weight of each study in the pooled analysis inversely to its variance.\[[@ref16]\] As the outcome interest was relatively uncommon, we planned to use OR of case--control study and cross-sectional study as an estimate for RR to calculate the pooled effect estimate with cohort study. Considering the high likelihood of between-study variance because of different study designs and underlying populations, a random-effect model was used. Cochran\'s Q-test and *I*^2^ statistic were used to determine the between-study heterogeneity. A value of *I*^2^ of 0%--25% represents insignificant heterogeneity, 26-50% represents low heterogeneity, 51%--75% represents moderate heterogeneity, and more than 75% represents high heterogeneity.\[[@ref17]\]

We planned to use funnel plot to assess the presence of publication bias if we have a sufficient number of included studies.

Results {#sec1-3}
=======

A total of 465 potentially eligible articles were identified using our search strategy (140 articles from Medline and 325 articles from EMBASE). After the exclusion of 123 duplicated articles, 342 articles underwent title and abstract review. Three hundred and twenty-eight articles were excluded at this stage since they were case reports, correspondences, review articles, *in vitro* studies, animal studies or interventional studies, and leaving 14 articles for full-text review. Nine of them were excluded after the full-length review as they did not report the outcome of interest while two articles were excluded since they were descriptive studies without comparative analysis. Three prospective cohort studies with 130,520 participants met the eligibility criteria\[[@ref5][@ref11][@ref12]\] and were included in the meta-analysis. The literature review and selection process are shown in [Figure 1](#F1){ref-type="fig"}. The characteristics and quality assessment of the studies are presented in [Table 1](#T1){ref-type="table"}. The inter-rater agreement for the quality assessment was high with the kappa statistics of 0.80.

![Literature review process](JPGM-64-35-g001){#F1}

###### 

Characteristics of studies included

  Study                                         Aldoori *et al*.^\[11\]^                                                                                                                                                                                                   Crowe *et al*.^\[12\]^                                                                                                                                                                                    Hjern *et al.*^\[5\]^
  --------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------
  Country                                       United States                                                                                                                                                                                                              United Kingdom                                                                                                                                                                                            Sweden
  Study design                                  Prospective cohort                                                                                                                                                                                                         Prospective cohort                                                                                                                                                                                        Prospective cohort
  Year of publication                           1995                                                                                                                                                                                                                       2011                                                                                                                                                                                                      2011
  Participants                                  This study utilized the resource of the health professionals follow-up study which recruited United States male health professionals aged 40-75 years in 1986. History of smoking was obtained at the entrance of cohort   This study utilized the resource of the EPIC-Oxford cohort, the recruited adult participants across the United Kingdom between 1993 and 1999. History of smoking was obtained at the entrance of cohort   This study utilized the Swedish mammography cohort which recruited women from central Sweden who were aged 40-75 years between 1987 and 1990
  Follow-up                                     The follow-up was done through questionnaires every 2 years until 1992                                                                                                                                                     The follow-up was done through medical record review until September 30, 2009                                                                                                                             The follow-up was done through medical record review until December 31, 2009
  Assessment of smoking status                  Self-report through questionnaire                                                                                                                                                                                          Self-report through questionnaire                                                                                                                                                                         Self-report through questionnaire
  Diagnosis of diverticulosis                   Self-report through follow-up questionnaires (medical records of sample participants were reviewed, diagnosis confirmed in 95%)                                                                                            Review of the National Health Service database for the presence of diagnostic codes for diverticulosis                                                                                                    Review of the Swedish patient register database for the presence of diagnostic codes for diverticulosis
  Number of participants                        47,678                                                                                                                                                                                                                     47,033                                                                                                                                                                                                    35,809
  Mean age of participants in years             Not available                                                                                                                                                                                                              Not available                                                                                                                                                                                             Nonsmokers: 62.0 Current smokers: 59.2 Former smokers: 59.2
  Percentage of female                          0                                                                                                                                                                                                                          76                                                                                                                                                                                                        100
  Confounder adjustment                         Age, physical activity, energy-adjusted dietary fiber, and energy-adjusted total fat                                                                                                                                       Sex, method of recruitment, and region of residence                                                                                                                                                       Age, intake of dietary fiber, diabetes, hypertension, medications, alcohol, body mass index, physical activity, and educational level
  Quality assessment (Newcastle=Ottawa scale)   Selection: 3 Comparability: 2 Outcome: 2                                                                                                                                                                                   Selection: 3 Comparability: 2 Outcome: 3                                                                                                                                                                  Selection: 3 Comparability: 2 Outcome: 3

We found a significantly increased risk of colonic diverticulosis among current smokers compared with nonsmokers with the pooled RR of 1.46 (95% CI, 1.13--1.89). The heterogeneity between studies of the overall analysis was low with an *I*^2^ of 35%. The risk of colonic diverticulosis in former smokers was not significantly higher than nonsmokers with the pooled risk ratio of 1.13 (95% CI, 0.88--1.44, *I*^2^ = 64%). Forest plots of both analyses are shown as [Figure 2](#F2){ref-type="fig"}.

![Forest plot of this meta-analysis](JPGM-64-35-g002){#F2}

Evaluation for publication bias {#sec2-5}
-------------------------------

We did not perform the evaluation for publication bias as the number of studies included in the meta-analysis was too small.\[[@ref18]\]

Discussion {#sec1-4}
==========

This is the first systematic review and meta-analysis that summarizes all available studies on the relationship between smoking and the risk of colonic diverticulosis. We found an approximately 1.4-fold increased risk of colonic diverticulosis among current smokers compared to nonsmokers. The risk was attenuated and did not reach statistical significance for former smokers.

The reason behind this association is not clear. Cigarette smoking is often associated with other poor health habits including lack of exercise and low-fiber diet,\[[@ref19][@ref20]\] which are predisposing factors for colonic diverticulosis. Thus, it is possible that the apparent association is not causal and is a result of confounding effect. On the other hand, nicotine in cigarette is known to cause relaxation of smooth muscle in gastrointestinal tract through the release of nitric oxide.\[[@ref21]\] In fact, studies have demonstrated the effect of nicotine to reduce tone and activity of smooth muscle in sigmoid colon, resulting in reduction of the colonic contraction.\[[@ref21][@ref22]\] This effect of nicotine may predispose smokers to development of diverticulosis.

Although the literature review process of this meta-analysis was robust and the quality of the included prospective cohort studies was high, we acknowledge that the study has some limitations. Thus, the results should be interpreted with caution.

First, the number of included studies was quite small which may undermine the validity our results. We also could not evaluate our study for publication bias due to the small number of included studies and publication bias in favor of positive studies might have been present. Second, the primary studies included in this meta-analysis were conducted in 2 regions (The United States and Europe). Therefore, the results might not be generalizable to other populations. Third, all included studies used self-reported questionnaire to determine smoking status which may have a lower accuracy compared to other methods such as structured interview. Finally, subgroup analysis based on sex could be helpful in this meta-analysis as sex distribution varied considerably across the primary studies which may affect the homogeneity of the effect estimates. Unfortunately, such analysis could not be performed as the primary studies did not provide sex-specific data. Nonetheless, the statistical heterogeneity was not high in both analyses (low in current smokers versus nonsmokers analysis and moderate in former smokers versus nonsmokers analysis).

Conclusion {#sec1-5}
==========

This study may suggest an increased risk of colonic diverticulosis among current smokers compared to nonsmokers. Whether this association is causal or is a result of confounding effect requires further investigations.
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